In Brief Coots et al. show that eIF4F inhibition partially represses global protein synthesis. m 6 A in the 5 0 UTR facilitates eIF4F-independent mRNA translation, and ABCF1 appears to be critical for m 6 Afacilitated mRNA translation. These differential translation modes are coordinated in response to environmental perturbations.
INTRODUCTION
Eukaryotic cells primarily employ a cap-dependent mechanism to initiate translation for the majority of mRNAs (Gebauer and Hentze, 2004; Hinnebusch, 2014; Jackson et al., 2010) . The 5 0 end of eukaryotic mRNAs is modified with a m 7 G cap structure, which is recognized by an eukaryotic initiation factor 4E (eIF4E). eIF4E forms the eIF4F complex by binding to eIF4G (a scaffold protein) and eIF4A (a helicase) (Gross et al., 2003; Marintchev et al., 2009; Sch€ utz et al., 2008) . The cap recognition determines which mRNAs are to be translated and is subject to regulation by eIF4E-binding proteins (4E-BPs). When hypophosphorylated, 4E-BPs outcompete eIF4G for a binding site on eIF4E and prevent eIF4F assembly at the 5 0 end of transcripts (Pause et al., 1994) . One major signaling pathway that phosphorylates 4E-BPs is the mammalian target of rapamycin complex 1 (mTORC1) (Ma and Blenis, 2009; Zoncu et al., 2011) . By sensing extracellular signals as well as the intracellular energy status, activated mTORC1 phosphorylates 4E-BPs that dissociate from eIF4E, thereby promoting eIF4F complex assembly (Sonenberg and Hinnebusch, 2009) . Despite this well-established regulatory mechanism, in many cell lines, mTORC1 inhibition has only modest effects on the rate of protein synthesis (Beretta et al., 1996; Choo et al., 2008) . The simplest interpretation of this conundrum is that cells rely on a cap-independent mechanism for a substantial amount of mRNA translation.
Cap-independent translation occurs during normal cellular processes (e.g., mitosis and apoptosis) or when the cap-dependent translation machinery is compromised by either stress or disease (Sonenberg and Hinnebusch, 2007) . The best-characterized cap-independent initiation mechanisms involve internal ribosome entry sites (IRESs) (Hellen and Sarnow, 2001 ). Discovered in picornavirus mRNAs, the IRES element in the 5 0 untranslated region (5 0 UTR) forms a complex secondary structure capable of recruiting the translation machinery in the absence of some or even all initiation factors. A growing body of evidence suggests that certain cellular mRNAs may use the similar IRES mechanism for cap-independent translation initiation (Gilbert et al., 2007) . Systematic approaches have been elaborated to identify putative IRES elements in human and viral genomes (Weingarten-Gabbay et al., 2016) . Despite their capability of internal initiation, it is unclear whether these events truly occur within the original sequence context under physiological conditions. In fact, many cellular mRNAs that have been considered to contain IRESs failed to pass through stringent tests for internal initiation (Gilbert et al., 2007) .
It has been hypothesized that some cellular mRNAs exhibit a relaxed cap dependence because of the presence of so-called cap-independent translation enhancers (CITEs) within the untranslated region (Terenin et al., 2013) . CITEs are elements in the mRNA capable of recruiting key initiation factors, thereby promoting the assembly of translation initiation complexes. Despite years of speculation, the nature of CITE elements remains obscure. We recently discovered that mRNA methylation in the form of m 6 A enables cap-independent translation (Meyer et al., 2015; Zhou et al., 2015) . As exemplified by selective translation of heat shock-induced Hsp70 mRNA, this finding suggests the existence of a translation initiation mechanism that is neither cap nor IRES dependent. This new mode of translation initiation offers an attractive solution to the central puzzle that many cap-independent translation events do not follow the IRES mechanism. However, mechanistic details underlying m 6 A-mediated translation initiation are poorly understood. Several fundamental questions remain unanswered. First, since many transcripts bear 5 0 UTR methylation, how much does m 6 A-mediated translation contribute to cellular protein synthesis? Second, for capped mRNAs with 5 0 UTR methylation, are the canonical cap-dependent translation and the m 6 A-enabled cap-independent translation mutually exclusive? Third, what is the biological logic behind the selection for different modes of translation initiation? Here, we investigated the scope and mechanism of eIF4F-independent mRNA translation, which revealed a dynamic coordination between different translation modes in response to environmental and physiological stimuli.
RESULTS
The Scope of Physiological Cap-Independent Translation In response to amino acid deprivation, global protein synthesis is suppressed via inhibition of mTORC1 and activation of the general control non-derepressible-2 kinase (GCN2) (Hinnebusch, 2005; Ma and Blenis, 2009; Wek et al., 2006; Zoncu et al., 2011) . While the former regulates eIF4F-mediated 5 0 end cap recognition, the latter controls the formation of a ternary complex (TC) comprised of eIF2, GTP, and methionine-loaded initiator tRNA (Pisarev et al., 2007) . To dissect the contribution of these two rate-limiting steps to the overall translational output, we took advantage of a mouse embryonic fibroblast (MEF) cell line harboring a non-phosphorylatable eIF2a in which the serine 51 (S/S) was mutated to an alanine (A/A) (Scheuner et al., 2001) . As expected, wild-type eIF2a (S/S) cells readily responded to amino acid deprivation by showing polysome disassembly and concomitant increase of monosome ( Figure 1A ). To our surprise, eIF2a (A/A) cells showed few changes in the polysome pattern upon amino acid starvation. Consistently, measurement of global protein synthesis revealed much less repression of translation in starved eIF2a (A/A) cells than the wild-type ( Figure 1B ; Figure S1A ). The striking resistance to amino acid limitation is also seen in cells lacking GCN2 kinase ( Figure S1B ). In addition, this phenomenon is highly reproducible under different types of stress, such as unfolded protein response in the endoplasmic reticulum ( Figure S1C ).
Amino acid deprivation is expected to inhibit mTORC1 signaling and consequently suppress eIF4F complex formation at the 5 0 end cap (Jewell et al., 2013) . It is thus surprising to observe continuous translation in starved eIF2a (A/A) cells. Previous studies suggested that the sensitivity of mTORC1 to nutrient starvation is coupled with GCN2/eIF2a signaling (Ye et al., 2015) . It is possible that, in the absence of eIF2a phosphorylation, mTORC1 remains active even under limited supply of amino acids. However, this is not the case. Similar to wildtype cells, eIF2a (A/A) cells exhibited rapid dephosphorylation of mTORC1 downstream targets S6K1 and 4E-BP1 upon amino acid deprivation ( Figure 1C) . Notably, the phosphorylation status of the elongation factor eEF2 was comparable between S/S and A/A cells ( Figure S1D ). To directly measure the cap functionality in these cells, we conducted a m 7 G cap pull-down assay before and after nutrient starvation. It is clear that, upon amino acid deprivation, the m 7 G-associated scaffold protein eIF4G1 was largely replaced by 4E-BP1 in both wild-type and eIF2a (A/A) cells ( Figure 1D ). Therefore, the cap-recognition machinery is inactive under amino acid starvation irrespective of eIF2a phosphorylation.
To independently assess the contribution of cap recognition to global protein synthesis, we took advantage of a chemical compound 4EGI-1 that inhibits eIF4F complex formation by destabilizing eIF4E-eIF4G interaction (Moerke et al., 2007) . [ 35 S] metabolic labeling revealed approximately 30% reduction in protein synthesis in both eIF2a (S/S) and (A/A) cells ( Figure S2A) . Notably, the majority of cellular translation sustained even after prolonged treatment of 4EGI-1 (5 hr). We next examined the effect of Torin1, a potent active-site mTOR inhibitor (Thoreen et al., 2009) . As expected, Torin1 treatment caused a rapid depletion of phosphorylation for mTORC1 downstream targets ( Figure S2B ). However, pre-exposure of cells to a high dose of Torin1 (1 mM) only led to less than 50% reduction in protein synthesis ( Figure S2C ). Therefore, a substantial amount of translation likely follows a mechanism independent of eIF4F.
Cap-Independent Translation Follows a Non-IRES Mechanism
It is possible that the translation maintained under eIF4F inactivation relies on a cap-independent mechanism like IRES or, as recently reported, an alternative cap-recognition mechanism mediated by eIF3d (Lee et al., 2016) . In both cases, only a small subset of mRNAs undergo specialized translation. However, we found similar patterns of translational products resolved on the SDS-PAGE gel before and after eIF4F inactivation (Figures S1 and S2) . This result suggests that the same transcripts are capable of experiencing different modes of translation. We next examined the sensitivity of eIF4F-independent translation to hippuristanol, an eIF4A inhibitor that does not affect certain IRES-driven translation (Bordeleau et al., 2006) . Nearly all of the translations were repressed in the presence of hippuristanol irrespective of eIF2a signaling ( Figure S3A ). Therefore, eIF4F-independent translation still requires the scanning process. Further supporting its non-IRES feature, we observed minimal activation of IRES-driven translation in starved eIF2a(A/A) cells ( Figure S3B ). These results collectively suggest that, when the eIF4F-dependent translation is inactivated, cells readily employ a different mode of translation that is neither cap nor IRES dependent.
A Mediates Translation That Is Neither Cap Nor IRES Dependent We previously reported that m 6 A enables mRNA translation in a cap-and IRES-independent manner (Meyer et al., 2015; Zhou et al., 2015) . We next investigated whether the substantial amount of translation persisted under eIF4F inactivation follows the m 6 A-dependent mechanism. To test this possibility, we knocked down METTL3, a core subunit of methyltransferase complex, from MEF cells using shRNA. With more than 90% depletion of METTL3 (Figure 2A ), we observed approximately 50% reduction of m 6 A levels on mRNAs ( Figure S4A ). METTL3
knockdown caused nearly 30% decrease of global protein synthesis ( Figure S4B ), which is consistent with the recent study that reported cytosolic function of METTL3 in translation (Lin et al., 2016) . However, it is unresolved whether METTL3 plays a role in cap-dependent or cap-independent translation. We reasoned that if METTL3 mediates cap-dependent translation, the translational targets sensitive to METTL3 knockdown should overlap with mTORC1-sensitive targets. If so, METTL3 depletion is not expected to further decrease protein synthesis in the presence of mTORC1 inhibitors. In stark contrast, MEFs lacking METTL3 exhibited much greater sensitivity to Torin1 than the scramble control ( Figure 2B ), with nearly 80% reduction of protein synthesis after 2 hr treatment of Torin1. To substantiate this finding further, we conducted METTL14 knockdown in MEF cells. Similar to METTL3 depletion, reducing METTL14 also sensitized MEF cells to Torin1 treatment ( Figure S4C ). The additive effect between methyltransferase knockdown and Torin1 treatment clearly indicates that m 6 A-responsible mRNA translation differs from eIF4F-controlled protein synthesis. To ensure that it is the m 6 A modification rather than the physical METTL3 binding that mediates eIF4F-independent translation, we complemented with either wild-type METTL3 or an inactive D395A mutant to MEFs lacking endogenous METTL3. In the presence of Torin1, only the wild-type METTL3, but not the mutant, restored the global protein synthesis ( Figure S4D ). See also Figure S4 . (Hsieh et al., 2012; Thoreen et al., 2012) . Supporting this notion, the translation of these TOP mRNAs was highly sensitive to Torin1 treatment as revealed by ribosome profiling (Ribo-seq) in MEF cells ( Figure S4E ). Given the mutually exclusive nature between the TOP motif and m 6 A sequence context ( Figure 3A) , it is possible that TOP mRNAs in general have less m 6 A modification in the 5 0 UTR and thus heavily rely on the cap-dependent mechanism for translation. Indeed, sequence survey of mouse transcriptome revealed low levels of m 6 A consensus sequence in the 5 0 UTR of TOP mRNAs ( Figure 3B ). We further compared the methylation landscape between TOP and non-TOP mRNAs using m 6 A-seq data derived from MEF cells (Geula et al., 2015 A distribution between TOP and non-TOP mRNAs, we argue that it is the 5 0 UTR sequence feature that influences the relative cap dependency during translation.
To test this hypothesis, we examined ribosome profiling datasets obtained from MEF cells depleted of METTL3. Indeed, TOP mRNAs showed little response to METTL3 knockdown (Rho = 0.11) ( Figure 3C ). In coupling with m 6 A-seq data- sets, we found that transcripts undergoing translational downregulation in the absence of METTL3 generally had higher 5 0 UTR methylation levels ( Figure 3D ). The similar observation was evident when we used different m 6 A-seq datasets derived from MEF cells (Schwartz et al., 2014 ) ( Figure S4F ). As an independent validation, we analyzed datasets obtained from HeLa cells with or without METTL3 depletion (Wang et al., 2015) . Direct comparison of the translation efficiency (TE) revealed that translation of non-TOP mRNAs was more sensitive to METTL3 depletion than that of TOP mRNAs (p = 2.2 3 10 À16 ) ( Figure S4G ). Taken together, these data suggest that m 6 A modification in the 5 0 UTR renders these transcripts insensitive to eIF4F inhibition by enabling cap-independent translation.
To search for potential m 6 A readers that mediate eIF4F-independent mRNA translation, we examined YTH domain family proteins residing in the cytoplasm. Interestingly, knocking down YTHDF3, but not YTHDF1 and YTHDF2, re-sensitized MEF cells to Torin1 treatment ( Figure S5A ). The putative role of YTHDF3 in eIF4F-independent translation is consistent with several recent studies reporting that YTHDF3 facilitated mRNA translation, including m 6 A-mediated circular RNA translation (Li et al., 2017; Shi et al., 2017; Yang et al., 2017) .
METTL3 Recognizes Internal m 6
A, but Not the m 7 G Cap Previous studies demonstrated that exogenously overexpressed METTL3 co-immunoprecipitated with cap-binding proteins such as CBP80/20 and eIF4E (Lin et al., 2016) . These results have been interpreted as fitting a model in which METTL3 promotes cap-dependent translation. To test the cap-binding capability of METTL3, we employed a direct cap-binding assay using recombinant proteins purified from E. coli. The immobilized m 7 G cap readily precipitated eIF4E, as expected, but failed to pull down METTL3 ( Figure 4A ). We next examined the cap-binding feature of endogenous proteins by incubating the m 7 G beads with whole-cell lysates. Although the m 7 G cap readily pull down a considerable amount of eIF4E, no detectable METTL3 was precipitated by the m 7 G cap ( Figure 4B ). Notably, the m 7 G cap failed to capture METTL3 upon mTORC1 inhibition, despite the fact that more eIF4E molecules were recovered from the same lysates. Therefore, endogenous METTL3 does not bind to the cap structure regardless of the functional status of eIF4F. Given the inherent AdoMet binding pocket of METTL3 (Wang et al., 2016a; Wang et al., 2016b) , we next examined whether METTL3 directly interacts with methylated mRNA. Using a synthesized 30 nt mRNA with or without a single m 6 A site at the consensus sequence, we conducted a gel-shifting assay. Although the non-methylated probe weakly associated with METTL3, introducing a single m 6 A site significantly promoted METTL3 binding ( Figure 4C ). By contrast, METTL3 showed little preference in association with the capped mRNA synthesized via in vitro transcription ( Figure S5B ). This result indicates that METTL3 directly binds to the internal m 6 A, but not the 5 0 end cap structure.
Cap-Independent Translation of Hsp70 Requires ABCF1
We previously demonstrated that m 6 A enables cap-independent translation, especially under stress conditions. However, it is unclear how 5 0 UTR methylation promotes preinitiation complex assembly without forming the canonical eIF4F complex. In an attempt to identify potential mediators responsible for m 6 A-mediated cap-independent translation, we employed quantitative proteomic analysis to compare proteins associated with the same message experiencing cap-dependent or cap-independent translation. Hsp70 mRNA undergoes translational switch in response to heat shock stress (Zhou et al., 2015) and represents an ideal endogenous transcript to address this question. We adopted a method based on endogenous mRNA pull-down without chemical crosslinking using biotinylated probes (Figure 5A) . To identify and quantify the associated protein components, we employed an unbiased quantitative approach where digested peptides were labeled with 4-plex isobaric mass tags (iTRAQ) and subjected to liquid chromatography-tandem mass spectrometry analysis (LS-MS/MS). In addition to Hsp70 mRNA, we included b-actin mRNA as a control. HeLa was chosen because of the relatively high basal level of Hsp70 mRNA prior to heat shock stress, therefore permitting direct comparison of components associated with the same transcript before and after stress.
As expected, nearly all the ribosomal proteins showed reduced enrichment after heat shock stress, forming a distinct cluster with high peptide scores ( Figure 5A ; Table S1 ). Interestingly, several translation initiation factors were selectively enriched on the Hsp70 transcript, but not the b-actin mRNA, upon heat shock stress ( Figure 5A, right) . Among the most prominent factors are a, b, and g subunits of eIF2 (>9-fold). Since eIF2 controls the ternary complex formation, it is clear that the stressinduced Hsp70 mRNA is capable of recruiting the initiator tRNA even when the cap recognition machinery is inactive under heat shock stress. A close inspection of the quantitative proteomic data revealed that eIF2A, eIF5, and ABCF1 were also associated with the stress-induced Hsp70 mRNA. In particular, ABCF1 showed a similar stoichiometry as eIF2 as judged by their comparable peptide scores ( Figure 5A, right) .
We validated the proteomic result by conducting immunoprecipitation (IP) of various endogenous proteins from cell lysates before and after stress. The non-canonical initiation factor eIF2A failed to pull down typical initiation factors such as eIF4G1 and eIF2b ( Figure 5B ). By contrast, eIF5 constitutively associated with these initiation factors irrespective of the stress condition. Only ABCF1 was able to precipitate eIF4G1 and eIF2b in a stress-dependent manner ( Figure 5B ). These results suggest that ABCF1 facilitates initiation complex assembly on stress messages in response to heat shock stress. To resolve the physiological role of ABCF1 in stress-induced Hsp70 synthesis, we knocked down ABCF1 in MEF cells using shRNA-expressing lentiviruses. Remarkably, after heat shock stress, the Hsp70 synthesis was severely abolished in cells lacking ABCF1 ( Figure 5C ). The critical role of ABCF1 in Hsp70 synthesis was also seen in HeLa cells, despite the different basal levels of these proteins ( Figures S6A and S6B) . Notably, the cellular Hsp70 mRNA levels were even higher in cells with ABCF1 knockdown (Figure S6C ), further supporting the translational deficiency of Hsp70 synthesis in the absence of ABCF1.
ABCF1 Facilitates m 6
A-Mediated Translation Having found that a substantial amount of cellular translation follows the eIF4F-independent mechanism under the normal growth condition, we asked whether ABCF1 is also responsible for physiological cap-independent translation. ABCF1 knockdown in non-stressed MEFs resulted in about 20% reduction of global protein synthesis ( Figure S6D ), which is consistent with the previous report (Paytubi et al., 2009) . To confirm that ABCF1-responsible translation indeed follows cap-independent initiation mode, we suppressed eIF4F-dependent translation by Torin1 treatment. Similar to the cells lacking METTL3, ABCF1 knockdown rendered MEF cells highly sensitive to Torin1 treatment by showing >80% reduction of protein synthesis (Figure 6A) . The increased sensitivity to mTOR1 inhibition in the absence of ABCF1 supports the notion that ABCF1-responsible translation differs from eIF4F-mediated cap-dependent translation.
Since ABCF1 resembles METTL3 in mediating eIF4F-independent translation, we predicted that the ABCF1-sensitive transcripts should overlap with METTL3-responsible mRNA targets. This is indeed the case. Ribosome profiling of MEF cells lacking either ABCF1 or METTL3 showed a strong correlation in the changes of TE (r = 0.57; Figure 6B ). Further supporting the notion that ABCF1 facilitates m 6 A-mediated translation, transcripts experiencing decreased translation in the absence of ABCF1 have higher 5 0 UTR methylation than the one resistant to ABCF1 depletion ( Figure 6C ). Taken together with the crucial role of ABCF1 and METTL3 in the cap-independent translation of Hsp70 ( Figure S6E ), these results indicate a functional coordination between ABCF1 and METTL3 in m 6 A-facilitated translation.
ABCF1 Controls METTL3 Translation ABCF1 (also termed ABC50) is an ATP-binding cassette protein that, unlike most ABC proteins, lacks membrane-spanning domains (Paytubi et al., 2009; Tyzack et al., 2000) . Previous studies demonstrated that ABCF1 promotes translation initiation by interacting with eIF2 and ribosomes (Paytubi et al., 2009; Tyzack et al., 2000) . Curiously, in MEF cells lacking ABCF1, there was a decreased steady-state level of endogenous METTL3 ( Figure 7A ). In METTL3-depleted cells, however, the level of ABCF1 was not affected. The reduced METTL3 in the absence of ABCF1 was not due to altered mRNA levels as qPCR revealed little changes of Mettl3 in cells lacking ABCF1 ( Figure 7B ). This unexpected finding is reminiscent of reduced METTL3 stability in cells lacking METTL14 , suggesting that ABCF1 could serve as a binding partner for METTL3. However, proteasome inhibition by MG132 treatment did not restore the level of METTL3 ( Figure 7A ). In addition, we failed to detect the mutual interaction between METTL3 and ABCF1 from either endogenous proteins or transfected genes bearing affinity tags ( Figures S7A and S7B ). This result is nevertheless consistent with the distinct cellular localization of these proteins: while METTL3 is predominantly a nuclear protein, ABCF1 is mainly localized in the cytoplasm ( Figure S7C ). Given the critical role of ABCF1 in mRNA translation under stress, we asked whether ABCF1 controls the translation of METTL3. Interestingly, m 6 A-seq datasets from human cells revealed that the METTL3 mRNA is heavily methylated in the 5 0 UTR, but not 3 0 UTR ( Figure 7C ). This unique feature is suggestive of relaxed cap dependency in METTL3 translation. To test this possibility, we constructed a reporter by placing the 5 0 UTR of Mettl3 before the firefly luciferase (Fluc) coding region. While the Fluc control showed about 50% reduction of translation in the presence of Torin1, Mettl3-Fluc showed little response to mTOR inhibition ( Figure 7D ). However, depleting ABCF1 significantly decreased METTL3-Fluc translation ( Figure 7D , 
DISCUSSION
For years, researchers have been fixated on the idea that eukaryotic mRNA translation relies on two mutually exclusive mechanisms: cap-dependent ribosome scanning and cap-independent internal ribosome entry. Despite the predominant belief that eIF4F-mediated cap-dependent translation contributes to the majority of protein synthesis in eukaryotic cells, it is puzzling that inhibiting cap recognition by chemical inhibitors or genetic ablation only has modest effect on protein synthesis (Beretta et al., 1996; Choo et al., 2008; Yanagiya et al., 2012) . The simplest interpretation of this conundrum is that cells rely on cap-independent initiation mechanism for a substantial amount of mRNA translation. The IRES-driven translation has become essentially synonymous with 5 0 cap-independent mRNA translation. However, the extent of cellular mRNAs that have been considered to contain IRESs remains controversial (Gilbert, 2010) . Although certain mRNAs use the IRES mechanism to achieve the ribosome specificity (Xue et al., 2015) , additional concepts are needed to explain how cells maintain robust translation during episodes of eIF4F inhibition. Here, we report that m 6 A-mediated translation initiation follows a cap-and IRES-independent mechanism. Unlike IRES-driven or eIF3d-mediated specialized translation, the m 6 A-promoted translation co-exists with eIF4F-mediated translation initiation for a great deal of transcripts. The scope of cap-independent translation is therefore much broader than previously appreciated. METTL3 is an essential enzyme for m 6 A modification of mRNAs, which primarily occurs in the nucleus . A recent study adds a new twist to its functionality by demonstrating a cytosolic role of METTL3 in translation (Lin et al., 2016) . It surprisingly acts as a ''reader'' rather than a ''writer'' of methylated transcripts because the m 6 A catalytic activity is dispensable in METTL3-promoted translation (Lin et al., 2016) . However, it is unclear why only a subset of mRNAs is subjected to translational regulation by METTL3 in this manner. Although METTL3 appears to promote translation in cancer cells, it is not essential in embryonic stem cells (Geula et al., 2015) . These puzzling observations call into question the exact role of METTL3 in translational regulation. One of the key questions is whether METTL3-promoted translation follows cap-dependent or cap-independent mechanisms. We provided evidence that METTL3, in fact, primarily facilitates translation independent of eIF4F. In addition, METTL3 does not seem to have the m 7 G cap-binding capacity, although it readily associates with internal m 6 A sites.
The finding that m 6 A-mediated translation occurs on fully capped mRNAs suggests that the same transcript undergoes multiple translational modes, which explains the incomplete inhibition of translation by eIF4F inactivation. Indeed, only under the inactivation of mTORC1 signaling does the remaining translation become highly sensitive to METTL3 depletion. Intriguingly, a recent study reported that m 6 Am at the 5 0 end of mRNAs stabilizes mRNAs and likely promotes translation (Mauer et al., 2017 in the selectivity of mRNA translation and the second lies in the redistribution of cellular resources. Although mTORC1 primarily controls cap-dependent mRNA translation, it preferentially regulates the translation of TOP mRNAs via poorly understood mechanisms (Hamilton et al., 2006; Thoreen et al., 2012) . Notably, the TOP mRNAs are among the most abundant messages in the cell, comprising up to 30% of cellular mRNAs during rapid growth in rich media (Warner, 1999) . It is not surprising that the translation of TOP mRNAs must be quickly attenuated in response to limited supply of amino acids. It is conceivable that a diverse group of mRNAs must maintain their translation irrespective of the nutrient signaling. The m 6 A-mediated translation permits translation of some ''privileged'' mRNAs to produce proteins important for cell maintenance as well as cell survival. We propose that different modes of translation are coordinated to produce adaptive translatomes in response to environmental and physiological stimuli. Under stress conditions, like amino acid starvation, the amount of ternary complex becomes limited as a result of GCN2-triggered eIF2a phosphorylation (Liu and Qian, 2014; Wek et al., 2006) . How does m 6 A-mediated translation initiation acquire the ternary complex to ensure productive translation? We found that ABCF1 serves as an alternative recruiter for the ternary complex during non-canonical translation. ABCF1 is a close relative of the yeast protein GCN20, which is presumed to cooperate with GCN1 in starvation-induced translational response (Marton et al., 1997) . Although GCN20 and ABCF1 are similar in their ABC domains, they differ markedly in their N termini. Intriguingly, it is the N-terminal region of ABCF1 that interacts with eIF2 in mammalian cells (Paytubi et al., 2008) . In cells lacking ABCF1, heat shock-induced Hsp70 translation was severely impaired. Importantly, ABCF1 also plays a role in m 6 A-facilitated translation under the normal growth condition.
Not surprisingly, cells with ABCF1 knockdown exhibits similar translational phenotypes as cells lacking METTL3. Perhaps the most interesting finding is the self-regulation of METTL3 translation that is not only dependent on m 6 A, but also subjected to ABCF1 regulation. This positive feedback loop provides a mechanism by which cells activate m 6 A-mediated translation upon inhibition of cap-dependent translation. Since the cap machinery evolved at a late stage during eukaryogenesis after the emergence of the nucleus and mRNA cap structure (Herná ndez, 2009), it is conceivable that a cap-independent initiation mechanism exists for capped mRNAs in early eukaryotes. The dynamic coordination between different translation modes encourages us to reconsider our traditional view of eIF4F as the primary driver of protein synthesis.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Cell Lines and Reagents
HeLa cells and MEF cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal bovine serum (FBS). Starvation media was based on Hank's Balanced Salt Solution (HBSS) supplemented with 10% dialyzed FBS. Cycloheximide (#C7698-5G) and puromycin (#P7255-250MG) were purchased from Sigma Aldrich. Torin1 (#4247) was purchased from Tocris Bioscience and dissolved in DMSO. [ 35 S]-methionine was purchased from PerkinElmer (#NEG772007MC). m7GTP beads for cap pulldown experiments were purchased from Jena Biosciences (AC-155).
Lentiviral shRNAs
All shRNA targeting sequences were cloned into DECIPHER pRSI9-U6-(sh)-UbiC-TagRFP-2A-Puro (Cellecta, CA). shRNA targeting sequences listed below were based on RNAi consortium at Broad Institute (https://www.broad.mit.edu/rnai/trc). Lentiviral particles were packaged using Lenti-X 293T cells (Clontech). Virus-containing supernatants were collected at 48-h after transfection and filtered to eliminate cells. MEF cells were infected by the lentivirus for 48 hr before selection by 2 mg ml -1 puromycin.
METHOD DETAILS
Puromycin Labeling Cells were treated with HBSS + dFBS for 50 minutes before media was changed to HBSS + dFBS supplemented with 10 mM puromycin for an additional ten minutes. Cells were washed twice with ice-cold PBS and lysed with 1 3 SDS before proteins were separated using SDS-PAGE. Cap Pull-Down One 10 cm dish of cells was seeded at 70% confluency and incubated overnight at 37 C. Cells were then washed with ice-cold PBS and lysed with 500 mL polysome buffer supplemented with 1% NP-40 (v/v) and protease inhibitors. Dishes were scraped and cell lysates were clarified at 4 C for 10 minutes at 10,000 g. 750 mL of lysate supernatant was added to m 7 GTP beads that had been washed three times with 1 mL polysome buffer supplemented with 0.1% NP-40 (v/v) followed by incubation at 4 C for 1 hour. Beads were then washed three times with polysome buffer at 4 C. 4 3 SDS buffer was added directly to beads after the final wash followed by immunoblotting.
Immunoblotting
Cells were lysed on ice in TBS buffer (50 mM Tris, pH7.5, 150 mM NaCl, 1 mM EDTA) containing protease inhibitor cocktail tablet, 1% Triton X-100, and 2 U ml -1 DNase. After incubating on ice for 30 min, the lysates were heated for 10 min in SDS/PAGE sample buffer [50 mM Tris (pH6.8), 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol). Proteins were separated on SDS-PAGE and transferred to Immobilon-P membranes (Millipore). Membranes were blocked for 1-h in TBS containing 5% non-fat milk and 0.1% Tween-20, followed by incubation with primary antibodies overnight at 4 C. After incubation with horseradish peroxidasecoupled secondary antibodies at room temperature for 1 h, immunoblots were visualized using enhanced chemiluminescence (ECL Plus , GE Healthcare).
mRNA Pull-Down Using DNA Probes To isolate b-actin and Hsp70 mRNAs, we adapted a previously published method (Starck et al., 2012) . In brief, DNA oligos were designed to complement to the 3 0 ends of b-actin or Hsp70 mRNAs and synthesized by conjugating with biotin at the 5 0 end. Cells were lysed using lysis buffer (20 mM Tris-Cl (pH 8.0), 5 mM MgCl 2 , 100 mM NaCl, 2 mM DTT, 8% sucrose, and 1% NP-40 (v/v)) followed by incubation with DNA oligos at 4 C for 1 hour. Streptavidin beads were added to capture endogenous mRNAs and the associated proteins.
Mass Spectrometry
Samples were processed for mass spectrometry by Cornell's Proteomics & Mass Spectrometry Facility. Briefly, samples were desalted and normalized for protein content using a gel-based method. Proteins were digested using trypsin and the generated peptides were analyzed using an Orbitrap nanoLC-MS/MS 90-120 minute gradient. Mascot software was used to map identified peptides to proteins can calculate relative peptide scores.
Real-Time PCR Total RNA was isolated by TRIzol reagent (Invitrogen) and reverse transcription was performed using High Capacity cDNA Reverse Transcription Kit (Invitrogen). Real-time PCR analysis was conducted using Power SYBR Green PCR Master Mix (Applied Biosystems) and carried on a LightCycler 480 Real-Time PCR System (Roche Applied Science).
In Vitro Transcription
Plasmids containing the corresponding 5 0 untranslated region sequences of mouse HSPA1A and full length firefly luciferase were used as templates. Transcripts with normal m 7 G cap were generated using the mMessage mMachine T7 Ultra kit (Ambion) and transcripts with non-functional cap analog GpppA were synthesized using MEGAscript T7 Transcription Kit (Ambion). To obtain mRNAs with the adenosine replaced with m 6 A, in vitro transcription was conducted in a reaction in which 5% of the adenosine was replaced with N 6 -methyladenosine. All mRNA products were purified using the MEGAclear kit (Ambion) according to the manufacturer's instruction.
Real-Time Luciferase Assay
Cells grown in 35 mm dishes were transfected with in vitro synthesized mRNA containing the luciferase gene. Luciferase substrate D-luciferin (1 mM, Regis Tech) was added into the culture medium immediately after transfection. Luciferase activity was monitored and recorded using Kronos Dio Luminometer (Atto).
Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assay was performed as previously described (Alarcó n et al., 2015) . The m 6 A-modified or -unmodified RNA probe was synthesized by Thermo Scientific with the sequence of 5 0 -CGAUCCUCGGCCAGGXCCAGCCUUCCCCA-3 0 (X = A or m 6 A). The capped or non-capped mRNA (Hsp70-5 0 UTR) was synthesized using the mMessage mMachine T7 Ultra kit (Ambion). The probe was labeled in a 50ul reaction mixture containing 2 ml RNA probe (1 mM), 5 ml 10 3 T4 PNK buffer (NEB), 1 ml T4 PNK (NEB), 40 U ml -1 RNaseOUT (Thermo Scientific), 1 ml [ 32 P]ATP and 40 ml RNase-free water at 37 C for 1 h. The labeled probe was then purified by RNase-free micro bio-spin columns with bio-gel P30 (Bio-Rad 732-6250) according to manufacturer's protocols. After adding 2.5 ml 20 3 SSC (Promega) buffer, the RNA was denatured at 65 C for 10 min and slowly cooled down. The purified probe (20 fmol) was incubated with increasing amount of GST-METTL3 at 4
C for 1 h in binding buffer containing 10 mM HEPES, pH 8.0, 50 mM KCl, 1 mM EDTA, 0.05% Triton X-100, 5% glycerol, 10 mg ml -1 salmon DNA, 1 mM DTT and 40 U ml-1 RNaseOUT (Thermo Scientific). The RNA-protein mixture was loaded on Novex 8% TBE gel and run at 100 V at 4 C. The signal was recoded via autoradiography.
Recombinant Protein Purification and In Vitro Cap-Binding Assay
Mettl3 and Eif4e coding sequences were cloned into pGEX-6P-1 vector using the primers as follows: METTL3-F, 5
0 -ACGCGTC GACTCATGTCGGACACGTGGAGCTC-3 0 ; METTL3-R, 5 0 -ATAAGAATGCGGCCGCCTATAAATTCTTAGGTTTAG-3 0 ; eIF4E-F, 5 0 -GCGAATTCATGGCGACTGTCGAACCGGA-3 0 ; eIF4E-R, 5 0 -CCGCTCGAGTTAAACAACAAACCTATTTTTAG-3 0 . The constructs were transformed into the E. coli bacteria BL21. After inducing the fusion protein expression at 20 C for 3-4 h in the presence of 0.5 mM IPTG, cells were collected and lysed in PBS lysis buffer supplemented with 0.5 mM PMSF, 1 mM DTT, protease inhibitor cocktail (Roche), 0.1% (v/v) Triton X-100 and sonicated for 10 min. Cell debris was removed by centrifugation at 12,000 rpm for 30 min, the supernatant was mixed with 2 mL equilibrated Pierce glutathione agarose and incubated for 2-3 h at 4 C. The resin was washed five times and eluted in GST elution buffer (5mM glutathione, 50mM Tris-HCl (pH 8.0)).
Purified GST-METTL3 or GST-eIF4E protein was incubated with m 7 GTP agarose beads (Jena Bioscience) in binding buffer (20 mM Tris-HCl, 100mM NaCl, 25mM MgCl2, 0.5% Nonidet P-40, and protease inhibitors) at 4 C for 2 h. Pelleted beads were washed four times with 0.5 mL of binding buffer and re-suspended in 0.6 mL of binding buffer supplemented with 1 mM GTP for another 1 h at 4 C. After washing with lysis buffer for four times, the beads were re-suspended in sample buffer and boiled for 5 min. m 7 GTP-bound proteins, GTP wash and input (5% purified proteins) were loaded on 8% SDS-PAGE gels and subjected to western blot using anti-GST antibody (1:1000).
Immunofluorescence Staining
Cells grown on glass coverslips were fixed in 4% paraformaldehyde for 10 min at room temperature. After permeabilization in 0.2% Triton X-100 for 5 min at room temperature, the coverslips were washed by PBS for three times and then blocked with 1% BSA for 30 min. Cells were stained with indicated primary antibody overnight at 4 C, followed by incubation with Alexa Fluor 546 donkey antimouse secondary antibody or Alexa Fluor 546 donkey anti-rabbit secondary antibody for 1 h at room temperature. The nuclei were counter-stained with Hechest (1:1000) for 10 min. Coverslips were mounted onto slides and visualized using a Zeiss LSM710 confocal microscope.
Co-immunoprecipitation Assay HEK293 cells (one 10-cm plate) transfected with SBP-tagged METTL3 only or SBP-tagged METTL3 with ABCF1-myc plasmids for 24 h. The transfected cells were subjected to amino acid starvation for 2 h or with heat shock stress (42 C) for 1 h followed by recovery at 37 C for 2 h. Cells were collected by centrifuge at 1000 rpm for 5 min. The cell pellet was lysed in lysis buffer (150 mM KCl, 10 mM HEPES (pH 7.6), 1 mM EDTA, 0.5% NP-40, 0.5 mM DTT and protease inhibitor cocktail) and rotated at 4 C for 30 min. The cell debris was removed by centrifugation at 14,000 rpm for 15 min. The supernatant was incubated with streptavidin magnetic beads in lysis buffer for 3-4 h at 4 C. The beads were collected by magnetic stand, and the supernatant was saved as the fraction of flow through. Subsequently the beads were washed with 1 mL wash buffer (200 mM NaCl, 50 mM HEPES (pH 7.6), 1 mM EDTA and 0.05% NP-40, 0.5 mM DTT, protease inhibitor cocktail) for 6 times. SDS buffer was directly added in the beads and boiled for 5 min. The samples were loaded on 8% SDS-PAGE gels and subjected to western blot using indicated antibodies. m 6 A Dot Blot mRNA was purified from total RNA using Dynabeads Oligo(dT)25 (Thermo Fisher). Equal amounts of mRNA were spotted to a nylon membrane (Fisher), followed by UV crosslinking at UV 254 nm, 0.12 J/cm 2 . After blocking in PBST containing 5% non-fat milk and 0.1% Tween-20 for 1 hr, the membrane was incubated with 1:1000 diluted anti-m 6 A antibody overnight at 4 C. The membrane was incubated with HRP-conjugated anti-rabbit IgG (1:5000 dilution) for 1 hr and visualized by using enhanced chemiluminescence (ECLPlus, GE Healthcare).
Polysome Profiling Analysis
Sucrose solutions were prepared in polysome buffer (10 mM HEPES, pH 7.4, 100 mM KCl, 5 mM MgCl 2 , 100 mg ml -1 cycloheximide and 2% Triton X-100). A 15%-45% (w/v) Sucrose density gradients were freshly prepared in SW41 ultracentrifuge tubes (Backman) using a Gradient Master (BioComp Instruments). Cells were pre-treated with 100 mg ml -1 cycloheximide for 3 min at 37 C followed by washing using ice-cold PBS containing 100 mg ml -1 cycloheximide. Cells were then lysed in polysome lysis buffer. Cell debris were removed by centrifugation at 14,000 rpm for 10 min at 4 C. 500 ml of supernatant was loaded onto sucrose gradients followed by centrifugation for 2 h 28 min at 38,000 rpm 4 C in a SW41 rotor. Separated samples were fractionated at 0.75 ml/min through an automated fractionation system (Isco) that continually monitores OD 254 values. An aliquot of ribosome fraction were used to extract total RNA using Trizol LS reagent (Invitrogen) for real-time PCR analysis.
RNA-Seq and m 6
A-Seq For m 6 A immunoprecipitation, total RNA was first isolated using Trizol reagent followed by fragmentation using freshly prepared RNA fragmentation buffer (10 mM Tris-HCl, pH 7.0, 10 mM ZnCl 2 ). 5 mg fragmented RNA was saved as input control for RNA-seq. 1 mg fragmented RNA was incubated with 15cmg anti-m 6 A antibody (Millipore ABE572) in 1 3 IP buffer (10cmM Tris-HCl, pH 7.4, 150cmM
NaCl, and 0.1% Igepal CA-630) for 2chr at 4 C. The m 6 A-IP mixture was then incubated with Protein A beads for additional 2chr at 4 C on a rotating wheel. After washing 3 times with IP buffer, bound RNA was eluted using 100cml elution buffer (6.7 mM N 6 -Methyladenosine 5 0 -monophosphate sodium salt in 1 3 IP buffer), followed by ethanol precipitation. Precipitated RNA was used for cDNA library construction and high-throughput sequencing described below.
Ribo-Seq
Ribosome fractions separated by sucrose gradient sedimentation were pooled and digested with E. coli RNase I (Ambion, 750 U per 100 A260 units) by incubation at 4 C for 1 h. SUPERase inhibitor (50 U per 100 U RNase I) was then added into the reaction mixture to stop digestion. Total RNA was extracted using TRIzol reagent. Purified RNA was used for cDNA library construction and high-throughput sequencing described below.
cDNA Library Construction
Fragmented RNA input and m 6 A-IP elutes were dephosphorylated for 1 hr at 37 C in 15 ml reaction (1 3 T4 polynucleotide kinase buffer, 10 U SUPERase_In and 20 U T4 polynucleotide kinase). The products were separated on a 15% polyacrylamide TBE-urea gel (Invitrogen) and visualized using SYBR Gold (Invitrogen). Selected regions of the gel corresponding to 40-60 nt (for RNA-seq and m 6 A-seq) or 25-35 nt (for Ribo-seq) were excised. The gel slices were disrupted by using centrifugation through the holes at the bottom of the tube. RNA fragments were dissolved by soaking overnight in 400 mL gel elution buffer (300 mM NaOAc, pH 5.5, 1 mM EDTA, 0.1 U/ml SUPERase_In). The gel debris was removed using a Spin-X column (Corning), followed by ethanol precipitation. Purified RNA fragments were re-suspended in nuclease-free water. Poly-(A) tailing reaction was carried out for 45 min at 37 C (1 3 poly-(A) polymerase buffer, 1 mM ATP, 0.75 U/ml SUPERase_ In and 3 U E. coli poly-(A) polymerase).
For reverse transcription, the following oligos containing barcodes were used:
In brief, the tailed-RNA sample was mixed with 0.5 mM dNTP and 2.5 mM synthesized primer and incubated at 65 C for 5 min, followed by incubation on ice for 5 min. The reaction mix was then added with 20 mM Tris (pH 8.4), 50 mM KCl, 5 mM MgCl 2 , 10 mM DTT, 40 U RNaseOUT and 200 U SuperScript III. Reverse transcription reaction was performed according to the manufacturer's instruction. Reverse transcription products were separated on a 10% polyacrylamide TBE-urea gel as described earlier. The extended first-strand product band was expected to be approximately 100 nt, and the corresponding region was excised. The cDNA was recovered by using DNA gel elution buffer (300 mM NaCl, 1 mM EDTA). First-strand cDNA was circularized in 20 mL of reaction containing 1 3 CircLigase buffer, 2.5 mM MnCl 2 , 1M Betaine, and 100 U CircLigase II (Epicenter). Circularization was performed at 60 C for 1 h, and the reaction was heat inactivated at 80 C for 10 min. Circular single-strand DNA was re-linearized with 20 mM Trisacetate, 50 mM potassium acetate, 10 mM magnesium acetate, 1 mM DTT, and 7.5 U APE 1 (NEB). The reaction was carried out at 37 C for 1 h. The linearized single-strand DNA was separated on a Novex 10% polyacrylamide TBE-urea gel (Invitrogen) as described earlier. The expected 100-nt product bands were excised and recovered as described earlier.
Deep Sequencing
Single-stranded template was amplified by PCR by using the Phusion High-Fidelity enzyme (NEB) according to the manufacturer's instructions. The oligonucleotide primers qNTI200 (5 0 -CAAGCAGAAGACGGCATA-3 0 ) and qNTI201 (5 0 -AATGATACGGCGAC CACCG ACAGGTTCAGAGTTCTACAGTCCGACG-3 0 ) were used to create DNA suitable for sequencing, i.e., DNA with Illumina cluster generation sequences on each end and a sequencing primer binding site. The PCR contains 1 3 HF buffer, 0.2 mM dNTP, 0.5 mM oligonucleotide primers, and 0.5 U Phusion polymerase. PCR was carried out with an initial 30 s denaturation at 98 C, followed by 12 cycles of 10 s denaturation at 98 C, 20 s annealing at 60 C, and 10 s extension at 72 C. PCR products were separated on a nondenaturing 8% polyacrylamide TBE gel as described earlier. Expected DNA at 120 bp (for Ribo-seq), or 140 bp (for RNA-seq and m 6 A-seq) was excised and recovered as described earlier. After quantification by Agilent BioAnalyzer DNA 1000 assay, equal amount of barcoded samples were pooled into one sample. Approximately 3-5 pM mixed DNA samples were used for cluster generation followed by deep sequencing by using sequencing primer 5 0 -CGACAGGTTCAGAGTTCTAC AGTCCGACGATC-3 0 (Illumina HiSeq).
QUANTIFICATION AND STATISTICAL ANALYSIS Preprocessing of Sequencing Reads
For Ribo-seq, the 3 0 adaptor and low quality bases were trimmed by Cutadapt (Martin, 2011) . The trimmed reads with length < 15 nucleotides were excluded. The remaining reads were mapped to the mouse transcriptome (ENSEMBL gene, GRCm38, longest CDS was selected if multiple transcripts existing) using Bowtie (Langmead et al., 2009) with parameters: -a -m1 -best -strata. Two mismatches are permitted. Non-uniquely mapped reads were disregarded for further analysis due to ambiguity. The same mapping procedure was applied to RNA-seq and m 6 A-seq. For Ribo-seq, the 13 th position (12nt offset from the 5 0 end) of the uniquely mapped read was defined as the ribosome ''P-site'' position. Uniquely mapped reads of Ribo-seq in the mRNA coding region were used to calculate the RPKM values for translation levels. For RNA-seq, uniquely mapped reads in the full length of mRNA were used to calculate the RPKM values. Transcripts with RPKM < 1 were excluded. Translation efficiency (TE) was defined as the ratio of Ribo-seq over RNA-seq.
Identification of m 6
A Sites We used a similar scanning strategy reported previously to identify m 6 A peaks in the immunoprecipitation sample as compared to the input sample (Dominissini et al., 2012) . In brief, for each ENSEMBL gene, a sliding window of 50 nucleotides with step size of 25 nucleotides was employed to scanning the longest isoform (based on CDS length; in the case of equal CDS, the isoform with longer UTRs was selected). Only transcripts in which the average coverage in immunoprecipitation is higher than 30 per kilo base were used in further analysis for reduction of background noise. For each window, a Peak-Over-Median score (POM) was derived by calculating the ratio of mean read coverage in the window to the median read coverage of the whole gene body. Windows scoring higher than 3 in the IP sample were obtained and all the resultant overlapping m 6 A peak windows in the IP sample were iteratively clustered to infer the boundary of m 6 A enriched region as well as peak position with maximal read coverage. Finally, a Peak-OverInput (POI) score was assigned to each m 6 A enriched region by calculating the ratio of POM in the IP sample to that in the input sample. A putative m 6 A site was defined if the POI score was higher than 3. The peak position of each m 6 A site was classified into three mutually exclusive mRNA structural regions including 5 0 UTR, CDS, and 3 0 UTR. For whole-transcript coverage plots, coverage at individual site was normalized by mean coverage of the transcript first, then each mRNA region was divided into 100 bins, coverages in the same bins were aggregated.
Motif Analysis
The 1000 m6A peaks with highest POI score were selected consensus motif finding. We used MEME Suite for motif analysis with parameters; -nmotifs3 -maxw6 -minw3 (Bailey et al., 2009) . In brief, the flanking sequences of m 6 A peaks (±40 nt) with POI scores were retrieved from mouse transcriptome and were used as MEME input.
DATA AND SOFTWARE AVAILABILITY
Statistical analysis was mainly done using GraphPad Prism and SigmaPlot (Systat Software). Unless otherwise noted, some analytical procedures were completed using custom Perl scripts. These scripts are available upon request. Deep sequencing data from Ribo-seq and RNA-seq have been deposited in the NCBI Gene Expression Omnibus database with accession code GEO: GSE101865. Original images can be found in Mendeley Data (https://doi.org/10.17632/9mrmpfb4y2.1).
